ABSTRACT CDK-activating kinase (CAK) phosphorylates threonine 161 (T161) of CDC2, a catalytic subunit of maturation/M-phase promoting factor (MPF), and is essential for MPF activation in mitosis. CAK has been thought to consist of a catalytic subunit, a regulatory subunit and an assembly factor: CDK7, CCNH (also known as cyclin H), and MNAT1 (also known as MAT1), respectively. Although it is known that the meiotic progression of oocytes is regulated by MPF activity, the role of CAK in meiosis is still unclear. In the present study, we attempted to confirm the involvement of CAK in the meiotic progression of porcine immature oocytes. The T161 phosphorylation of CDC2 was found around germinal vesicle breakdown (GVBD) and thereafter from 18 to 48 h of culture. The GVBD rate at 18 h was increased by the overexpression of CDC2 but not mutated CDC2 (T161 replaced by alanine). Transcripts of CDK7, CCNH, and MNAT1 were detectable throughout the culture period, and their protein distribution patterns during oocyte maturation were the same as those reported in mitotic somatic cells. Overexpression of CDK7 or CCNH accelerated the meiotic events, such as meiotic resumption, T161 phosphorylation of CDC2, CCNB (also known as Cyclin B) synthesis, and MPF activation. On the contrary, knockdown of CDK7 or CCNH caused the inhibition of these meiotic events. In contrast, overexpression and antisense RNA injection of MNAT1 had no influence on meiotic resumption, the status of T161 phosphorylation of CDC2, or MPF activity. These results suggest that CDK7 and CCNH activate CDC2 by T161 phosphorylation and make up CAK, which is required for normal meiotic progression during porcine oocyte maturation.
INTRODUCTION
Phosphorylation of threonine 161 (T161) of CDC2, a catalytic subunit of maturation/M-phase promoting factor (MPF), has been reported to be necessary for the activation of MPF in vitro [1, 2] . This phosphorylation was catalyzed by cyclin-dependent kinase (CDK)-activating kinase (CAK). A catalytic subunit of CAK, p40MO15, was first identified in Xenopus oocytes [3, 4] and starfish oocytes [5] ; mammalian MO15 was cloned in the following year from HeLa cells, a human carcinoma line [6] . MO15 belongs to the CDK family as CDK7, and the partner subunit belonging to the cyclin family, CCNH (also known as Cyclin H), has been identified from HeLa cells [7] . A part of CDK7/CCNH in Xenopus and starfish oocytes associates with MAT1 (an assembly factor) [8] and subsequently has elevated activity, although it has been suggested in vitro that the CDK7/CCNH dimer functions as CAK, and the CDK7/CCNH/MAT1 trimer works as a transcription factor, TFIIH, rather than as CAK [9, 10] .
There are many reports about the role of MPF activity in Mphase progression: the principal roles of MPF in oocyte maturation and preimplantation development of embryos in mammals. The MPF activity in mammalian oocytes increases with germinal vesicle breakdown (GVBD) [11] , and it is thought that T161 phosphorylation contributes to the increase of CDC2 activity at this stage. However, there has been no report about the T161 phosphorylation status in CDC2 and the alteration of CAK activity during mammalian oocyte maturation. In budding yeast, another monomeric CAK, Cak1 (Civ1), has been identified [12] [13] [14] , and the presence of a similar factor has also been suggested in humans [15] , although its in vivo function is unclear. Therefore, it is still uncertain whether CDK7, CCNH, and MNAT1 (mammalian homologue of MAT1) are present in mammalian oocytes and indeed function together as CAK; in particular, the requirement of MNAT1 for mammalian CAK has been in question.
There are two phosphorylation sites in mammalian CDK7-serine 164 and threonine 170 (serine 170 and threonine 176 in Xenopus CDK7)-and the phosphorylation of these sites increases the affinity for CCNH and subsequently the CDK7 activity [16, 17] . However, as CDK7 activity does not fluctuate during the cell cycle in cultured HeLa cells, it has long been believed that CDK7 is constantly phosphorylated with high activity throughout the cell cycle and that MPF activity is not primarily regulated by the change of CAK activity [7, 18] . At present, the effects of overexpression and knockdown of CAK subunits on the T161 phosphorylation status of CDC2 and on the progression of oocyte maturation have never been investigated; they remain ''blind spots'' in mammalian oocyte studies.
In the present study, we investigated the T161 phosphorylation status in CDC2 and its involvement in meiotic progression during oocyte maturation using porcine oocytes. Then the presence of CDK7, CCNH, and MNAT1 in porcine oocytes, and their functions in relation to T161 phosphorylation in CDC2 was examined by gene cloning and reversegenetic techniques in order to clarify whether these factors together make up CAK and affect the meiotic progression of mammalian oocyte maturation. 
MATERIALS AND METHODS

Collection and Culture of Porcine Oocytes
Cumulus-oocyte complexes (COCs) were aspirated from follicles (2-5 mm in diameter) of gilt ovaries obtained from a slaughterhouse and washed four times in a culture medium consisting of modified Krebs-Ringer bicarbonate solution (TYH) [19] , 1.0 IU/ml equine chorionic gonadotropin (Serotropin; ASKA Pharmaceutical), 3.2 mg/ml BSA (Sigma-Aldrich), and 20% porcine follicular fluid collected as described previously [20] . Groups of 20-25 COCs with intact, unexpanded cumulus cells were cultured in drops of 0.1 ml of culture medium up to 48 h at 378C, 100% humidity, and 5% CO 2 in air. In ''depletion experiments,'' COCs were cultured for 48 h in the presence of 3 mM dbcAMP in order to prevent the spontaneous meiotic resumption [21] , then cultured without dbcAMP up to an additional 24 h. After culture, surrounding cumulus cells were removed by treatment with 0.1% hyaluronidase and gentle pipetting in saline supplemented with 0.1% polyvinylpyrrolidone (PVP). The denuded oocytes were subjected to immunoblotting and MPF activity assay. Some oocytes were examined for nuclear status after being mounted on a glass slide, fixed with acetic acid-ethanol (1:3), and stained with 0.75% acetoorcein solution.
RT-PCR
Total RNA was isolated from noncultured or 24-, 30-, and 48-h cultured oocytes using Trizol reagent (Invitrogen), and first-strand cDNA was produced by SuperScript III (Invitrogen) according to the manufacturer's instructions. The primer pairs were designed according to the NCBI porcine EST database and shown in Table 1 . PCR was performed using F and R primer sets in Table 1 and a thermal cycler (Bio-Rad). The porcine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts were used as an internal control.
Preparation and Modification of cDNAs
Full-length porcine CDK7, CCNH, MNAT1, and CDC2 cDNA were obtained by RT-PCR of total RNA extracted from noncultured oocytes as described above, and the PCR products were cloned into pGEM-T Easy vector (A1360; Promega). For sequencing, a commercial sequencing kit (Applied Biosystems) and a DNA sequencer (Applied Biosystems) were used according to the manufacturer's instructions. For the construction of C-terminal enhanced green fluorescent protein (EGFP)-tagged CDK7, CCNH, and MNAT1 cDNAs, Bam HI sites were added at both the start and the stop codons of each cDNA by PCR of each pGEM-T Easy vector using the BF and BR primer sets shown in Table 1 . The PCR fragments were cloned into the pGEM-T Easy vector again and treated with Bam HI (TaKaRa Shuzo Co., Ltd.), then were inserted into Bam HI-treated EGFP vector, which was prepared by PCR of EGFP/pGEM-3Z [22] using the primers shown in Table 1 and cloned into the pGEM-T Easy vector. For the construction of C-terminal Flag-tagged cDNAs, Bam HI added fragments were prepared as described above, then inserted into the Bam HI site of pCMV-Tag1 Epitope Tagging Mammalian Vector (pCMV-Tag1 vector; 211170; Stratagene). Vector of Flag-tagged mutated CDC2, which was displaced T161 by alanine (T161A-CDC2-Flag), was made by PCR of a methylated CDC2-inserted pCMV-Tag1 prepared above using the primers shown in Table 1 . The methylated vector was made by using the GeneTailor Site-Directed Mutagenesis System (Invitrogen) according to the manufacturer's instructions.
In Vitro Synthesis of mRNA and Antisense RNA For the in vitro synthesis of sense and antisense RNAs, vectors constructed above were linearized by restriction enzyme and transcribed in vitro with T3-, T7-, or SP6-RNA-polymerase (Promega) in the presence of m7G(5 0 )ppp(5 0 )G to synthesize capped RNA transcripts as described previously. The RNA transcripts were precipitated with absolute ethanol, washed, dried, and resuspended in RNase-free water (Gibco BRL). The RNA solutions were stored at À808C until use.
Microinjection
The RNA concentration in each RNA solution was adjusted to 0.4 lg/ll. Texas red dextran (D1864; Molecular Probes) was added to each solution at a concentration of 1 lg/ll as a marker of successful injection. Microinjection was performed in 10 ll of the culture medium using microinjectors (IM-5A/B; Narishige) equipped with microscope (Diaphot 200; Nikon). Approximately 50 pl of RNA solution were injected into the ooplasm of each noncultured porcine COC by continuous pneumatic pressure. After injection, all COCs were cultured as described above, and the expression of Texas red was examined under a fluorescent microscopy. Only the oocytes expressing Texas red illumination were used for analysis.
Observation of EGFP-Tagged Proteins
The oocytes expressing EGFP-tagged CDK7, CCNH, and MNAT1 were denuded and fixed in 3.7% formaldehyde in saline at room temperature for 1 h and stained with 45 lg/ml propidium iodide in PBS containing 0.1% PVP (PBS-PVP) for 30 min. The oocytes were then washed in PBS-PVP, mounted on a glass slide, and observed using a confocal laser scanning microscope (LSM510-V2.01, Axio-plan MOT; Carl Zeiss).
Immunoblotting
The micro-Western blotting was used for the immunoblotting of the oocytes as described in a previous report [23] . Ten oocytes were used in each lane. The antibodies used were anti-CCNB1 monoclonal antibody (KAM-CC195; Stressgen), anti-CCNB2 polyclonal antibody (SC-5235; Santa Cruz Biotechnology), anti-CDC2 monoclonal antibody (SC-54; Santa Cruz Biotechnology), anti-phospho-T161 CDC2 monoclonal antibody (Y011134, Applied Biological Materials, Inc.), and anti-Flag M2 monoclonal antibody (F1804; SigmaAldrich). To visualize the protein-bound antibodies, horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Jackson ImmunoReserch Laboratories, Inc.), HRP-conjugated anti-rabbit IgG (AP132P; Chemicon International Inc.) were used as a second layer, followed by detection procedure using an ECL detection kit (Amersham-Pharmacia) according to the manufacturer's protocol.
Assay of MPF Activity
Each 10 denuded oocytes were lysed in 2.5 ll of assay buffer [11] and stored at À808C until use. The activities of MPF were evaluated on the basis of the histone H1 kinase activity as described in previous reports [24] . The reaction took place at 378C for 1 h.
Statistical Analysis
Data were analyzed by Student t-test using R statistical software version 2.10.0. A probability of P , 0.05 was considered to be statistically significant. 
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RESULTS
Relation of T161 Phosphorylation of CDC2 with Meiotic Maturation of Porcine Oocytes
We first investigated the change of T161 phosphorylation of CDC2 during the meiotic progression of cultured porcine oocytes. In the present study, GVBD occurred from 18 h of culture, and the incidence was continuously increased thereafter until 36 h, then about 80% of cultured oocytes developed to the second metaphase (MII) at 48 h (Fig. 1A) . T161 phosphorylation of CDC2 was very low until 12 h and increased at 18 h, while total CDC2 protein was nearly constant throughout the culture period ( Fig. 1B and Supplemental Fig.  S1A ; available at www.biolreprod.org). This increase of T161 phosphorylation corresponded well with the start of GVBD and CCNB synthesis. The T161 phosphorylation was observed thereafter until 48 h (Fig. 1B and Supplemental Fig. S1A ). These results indicate the firm correlation of T161 phosphorylation of CDC2 with meiotic resumption in porcine oocytes and support the importance of T161 phosphorylation for the maturation-inducing activity of MPF.
Effect of CDC2-Flag or T161A-CDC2-Flag mRNA Injection on the Meiotic Resumption
To confirm the importance of T161 phosphorylation of CDC2 for the maturation-inducing activity of MPF, mRNA of C-terminal Flag-tagged wild-type CDC2 (CDC2-Flag) or CDC2 in which T161 was replaced by a nonphosphorylatable alanine (T161A-CDC2-Flag) was injected, and their effects on meiotic resumption were compared. T161 phosphorylation was observed in endogenous and exogenous CDC2 in CDC2-Flaginjected oocytes ( Fig. 2A) , and the GVBD rate was significantly increased 18 h after the injection (Fig. 2B) , indicating the enhancement of maturation-inducing activity of MPF by the overexpression of CDC2. On the other hand, T161 phosphorylation in exogenous CDC2 was not detected in T161A-CDC2-Flag-injected oocytes despite their having the same amount of Flag expression ( Fig. 2A) , and the overexpression of T161A-CDC2-Flag had no effect on GVBD induction (Fig. 2B) . These results confirm the importance of T161 phosphorylation of CDC2 for the maturation-inducing activity of MPF.
cDNA Cloning and Intracellular Distribution of Porcine CDK7, CCNH, and MNAT1
Since the cDNAs of porcine CDK7, CCNH, and MNAT1 have not been cloned, we tried to obtain them by RT-PCR of total RNA obtained from immature porcine oocytes. We obtained cDNAs that encoded proteins consisting of the same amino acid lengths as mouse and human CDK7, CCNH, and MNAT1, respectively, and having more than 94% amino acid homologies with human and mouse homologues (Fig. 3A) . The presence of porcine CDK7, CCNH, and MNAT1 mRNAs during in vitro maturation was examined by RT-PCR. As shown in Figure 3B , these transcripts were detectable throughout the culture period, although CDK7 levels decreased remarkably, CCNH slightly, and MNAT1 not at all as the culture period progressed. To clarify the intracellular distribution of exogenous CDK7, CCNH, and MNAT1, C-terminal EGFP-tagged CDK7, CCNH, or MNAT1 mRNA was injected, and the EGFP signal was examined during culture. Compared with the control oocyte injected with EGFP mRNA, strong EGFP signals were observed in GV at 6 h of culture in all three molecules; after GVBD, the signals for CDK7-EGFP and CCNH-EGFP were observed in the whole ooplasm uniformly, but a small part of MNAT1-EGFP tended to localize on chromosomes (Fig. 4) .
Effects of Overexpression and Expression Inhibition of CDK7 on the Meiotic Maturation of Porcine Oocytes
To examine CDK7 functions in the meiotic maturation of porcine oocytes, CDK7 expression was elevated or inhibited by the injection of Flag-tagged CDK7 mRNA (CDK7-Flag) or CDK7 antisense RNA (asCDK7), respectively. Expression of CDK7 in the CDK7-Flag-injected oocytes was confirmed by immunoblotting with the anti-Flag antibody (Fig. 5A, left) , and the efficiency of asCDK7 was checked by the disappearance of the Flag signal from CDK7-Flag-injection by the co-injection of asCDK7 (Fig. 5A, right) . About 40% of CDK7-Flaginjected oocytes underwent GVBD at 12 h of culture by the overexpression of CDK7, and their GVBD rates were significantly higher than those in noninjected oocytes until 24 h of culture (Fig, 5B) . The maturation rates of CDK7-Flaginjected oocytes were also significantly higher at 24 and 30 h of culture (Fig. 5B) . We next examined the states of MPF in these oocytes; results are shown in Figure 5C . The T161 phosphorylation of CDC2 in the noninjected control was very low until 18 h, whereas a slight increase was observed at 12 h of culture in CDK7-Flag-injected oocytes. The CCNB levels were also increased at 12 h, indicating the acceleration of CCNB synthesis in CDK7-Flag-injected oocytes. Confirming these results, the MPF activity of CDK7-Flag-injected oocytes was already elevated at 12 h of culture and peaked at 18 h, showing earlier activation of MPF than in the noninjected group, in which MPF activity was low at 12 h (Fig. 5C and Supplemental Fig. S1B ). These results indicate that CDK7 overexpression accelerates meiotic resumption of porcine   FIG. 4 . The intracellular distribution of exogenous CDK7, CCNH, and MNAT1. Oocytes were injected with EGFP-tagged CDK7, CCNH, and MNAT1 mRNA and examined at GV, the first metaphase (MI), and the second metaphase (MII) stages at 6, 24, and 48 h of culture, respectively. EGFP mRNA-injected oocytes were also shown as controls. The nuclear state of each oocyte is shown by propidium iodide staining. Original magnification 340.
FIG. 3. Characteristics of porcine CDK7, CCNH, and MNAT1. A)
Amino acid length of porcine CDK7, CCNH, and MNAT1 and their homologies with human and murine equivalents. B) Detection of the transcripts of CDK7, CCNH, and MNAT1 during porcine oocyte maturation. Total RNAs were obtained from porcine oocytes cultured for indicated periods and subjected to RT-PCR. GAPDH was used as an internal control.
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oocytes by acceleration of MPF activation through T161 phosphorylation of CDC2 and synthesis of CCNB.
Effects of CDK7 inhibition on meiotic maturation and MPF status were also examined by asCDK7 injection. The GVBD rate did not differ at 24 h of culture, but the MII rate of asCDK7-injected oocytes was significantly lower than that of noninjected oocytes at 48 h (Fig. 5D) . Although the CCNB levels of the asCDK7-injected group and noninjected group were comparable, the T161 phosphorylation of CDC2 in asCDK7-injected oocytes was lower than that of noninjected oocytes at 48 h, and the MPF activity of the asCDK7-injected group was apparently lower than that in the noninjected group (Fig. 5E) . As it has been reported in a previous report that the CDK7 protein is stable and its half-life more than 16 h [18] , we considered that the lack of influence of asCDK7 on the GVBD rate was attributed to the presence of the CDK7 protein in the immature porcine oocytes. Therefore, we next performed ''depletion experiments'' where asCDK7-injected or noninjected oocytes were cultured for 48 h in the presence of 3 mM dbcAMP to suspend spontaneous meiotic resumption, followed by culture without dbcAMP to release the meiotic arrest. In this depletion experiment, the GVBD and arrival to MII have been found to take place 6 and 24 h after the dbcAMP removal, respectively [21] . The GVBD and MII rates of asCDK7-injected oocytes were significantly lower than those of noninjected control (Fig. 5F) , and the T161 phosphorylation of CDC2, CCNB expression and MPF activity were remarkably decreased by the asCDK7 injection (Fig. 5G) . These results indicate that CDK7 functions physiologically as a part of CAK during porcine oocyte maturation.
Effects of Overexpression and Expression Inhibition of CCNH on the Meiotic Maturation of Porcine Oocytes
As well as CDK7, expression of CCNH, a regulatory subunit of CDK7, was elevated or inhibited in porcine oocytes by the injection of Flag-tagged CCNH mRNA (CCNH-Flag) or CCNH antisense RNA (asCCNH), respectively. The efficiencies of CCNH-Flag and asCCNH were confirmed by immunoblotting with anti-Flag antibody, as described above and shown in Figure 6A . The GVBD rate and MII rate of CCNH-Flag-injected oocytes were significantly higher than   FIG. 6 . Effect of overexpression and expression inhibition of CCNH on the meiotic maturation of porcine oocytes. A) Efficiencies of Flag-tagged CCNH (CCNH-Flag) mRNA and CCNH antisense RNA (asCCNH) were confirmed as described in Figure 5 . B-G) Effect of CCNH-Flag mRNA (B, C) or asCCNH (D-G) injection on the meiotic progression (B, D, F) and MPF subunits and MPF activity (C, E, G) of porcine oocytes. For a more detailed explanation, see Figure 5 legend. (Fig. 6B) . No apparent differences in T161 phosphorylation of CDC2 and in CCNB expression were detected, but the MPF activity of CCNH-Flag-injected oocytes cultured for 12 h was slightly higher than that of the noninjected group (Fig. 6B) . These results indicate that CCNH-Flag overexpression accelerates the meiotic progression but is not so drastic compared with CDK7. The effects of CCNH inhibition were similar to those of CDK7; the GVBD rate was unchanged, but MII rates were decreased by the asCCNH injection (Fig. 6D) ; this change might be attributed to the decrease of T161 phosphorylation of CDC2 (Fig. 6E) . The results of CCNH depletion experiments showed the same tendencies as those of CDK7 depletion experiments, although somewhat more weakly (Fig. 6, F and G) . These results indicated that CCNH also functions as part of CAK during porcine oocyte maturation.
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Effects of Overexpression and Expression Inhibition of MNAT1 on the Meiotic Maturation of Porcine Oocytes
As in the case of other two subunits, Flag-tagged MNAT1 mRNA (MNAT1-Flag) or MNAT1 antisense RNA (asMNAT1) was injected into porcine immature oocytes. The efficiencies of these RNAs were confirmed by immunoblotting, as described above and shown in Figure 7A . The overexpression of MNAT1 had no promoting effects on meiotic resumption but rather inhibited the MII rate significantly at 48 h of culture (Fig. 7B) . The MPF activity of MNAT1-Flag-injected oocytes was lower than that of noninjected oocytes at 48 h of culture (Fig. 7C) . The injection of asMNAT1 significantly increased the GVBD rate at 24 h, but the MII rate at 48 h and MPF status of asMNAT1-injected and noninjected oocytes were not apparently different (Fig. 7, D and E) . In the depletion experiment of MNAT1, there was no significant difference in meiotic progression and MPF status between asMNAT1-injected and noninjected groups during porcine oocyte maturation (Fig. 7, F and G). These results do not support the notion that MNAT1 function as a part of CAK during porcine oocyte maturation.
DISCUSSION
In the present study, we analyzed the subunits of mammalian CAK and their effects on the T161 phosphorylation of CDC2 and the meiotic progression of mammalian oocytes. First, the correlation between T161 phosphorylation on CDC2 and meiotic resumption was examined during oocyte maturation, and a clear correlation between increased T161 phosphorylation levels and GVBD in mammalian oocytes was revealed for the first time. A low concentration of CCNB during meiotic arrest and its increase at meiotic resumption in porcine oocytes had been reported in previous studies [25, 26] and were also shown in the present study. Because abrupt CDC2 activation by newly synthesized CCNB is required at this stage for the normal progression of oocyte maturation [26] , T161 phosphorylation might be required for the activation of CDC2 newly bound to CCNB at this period. Induction of early meiotic resumption by the overexpression of wild-type CDC2 but not dominant-negative T161A-CDC2 also suggests the necessity of T161 phosphorylation of CDC2 for MPF activation at meiotic resumption during oocyte maturation. Although the necessity of T161 phosphorylation of CDC2 for MPF activation has been reported in many cell types in the past [1] , the present result indicates concretely for the first time that this is the case also in mammalian oocytes.
It has been reported in Xenopus and starfish oocytes and human culture cells that CAK consists of a catalytic subunit, CDK7; a regulatory subunit, CCNH; and an assembly factor, MNAT1 [27] . However, the presence of these factors in mammalian oocytes has not been shown until now. The present study showed the presence of transcripts that were highly homologous to human somatic CDK7, CCNH, and MNAT1 in porcine oocytes. Furthermore, the EGFP-tagged proteins of them were distributed in GVs during meiotic arrest and the whole ooplasm after meiotic resumption. It has been reported that CDK7 is localized in the GVs of Xenopus oocytes [18] ; that CDK7 and CCNH are present in the nucleus of spermatogonia, spermatocytes, and round spermatids of mice [28] ; and that CDK7, CCNH, and MNAT1 are present in the nucleus of human cells [29] . The present study and these reports indicate that CDK7, CCNH, and MNAT1 are present in porcine oocytes and that the distribution of these factors in porcine oocytes is regulated similarly to those in other reported cell types.
The present study showed that overexpression of CDK7 or CCNH causes early meiotic resumption and maturation to MII. On the contrary, the suppression of these factors' expression inhibited the maturation to MII, although the meiotic resumption of CDK7-or CCNH-inhibited oocytes was not significantly different from those of nontreated oocytes in normal culture conditions. A previous study showed that CDK7 was a stable protein with a half-life .16 h [18] ; hence, the endogenous protein translated before the microinjection of antisense RNA might be remaining and functioning in the oocytes. Therefore, spontaneous meiotic resumption was inhibited in antisense RNA-injected oocytes in expectation of the degradation of endogenous proteins, and clear inhibition of meiotic resumption was observed in the CDK7-or CCNHinhibited oocytes. These results suggested that CDK7 and CCNH function as indispensable parts of CAK at the first and the second MPF activations, which are necessary for meiotic resumption and maturation to MII, respectively. In addition, CDK7 and CCNH might be present as stable proteins in immature oocytes, and the CCNH concentration might be higher than the CDK7 concentration in porcine oocytes because the effects of CCNH overexpression were less dramatic than those of CDK7 overexpression.
In contrast with the results of CDK7 and CCNH, the overexpression of MNAT1 did not increase but rather tended to decrease MPF activity, and the antisense RNA injection of MNAT1 did not inhibit but rather tended to promote meiotic progression. Although the kinase activity of CDK7/CCNH is fundamentally increased by the presence of MNAT1, it was reported that the contribution of MNAT1 to CDK7/CCNH activity is to convert the preferential substrate from the T-loop of CDK to the C-terminal domain of RNA polymerase [9, 10] . The present results support the previous report and indicate that MNAT1 does not act as a part of CAK in mammalian oocytes; rather, CAK might be a dimeric protein consisting of CDK7 and CCNH. However, as the degradation of endogenous MNAT1 protein during oocyte maturation was not confirmed in the present study, we cannot deny the possibility that the sufficient amount of endogenous MNAT1 was remaining and worked as a subunit of CAK. Therefore, further studies should be required before concluding that MNAT1 is not function as a CAK during oocyte maturation.
It is generally accepted that T161 of CDC2 is phosphorylated after the conformational change in the T-loop domain of CDC2 by binding with CCNB [30] . As CAK is present and active continuously during the cell cycle [31] , all CCNB-bound CDC2 in immature oocytes should already be phophorylated at 1130 T161 and stored as a pre-MPF, which is inactivated by the phosphorylation of inhibitory sites, threonine 14 and tyrosine 15. It has been reported in porcine oocytes that this pre-MPF has to be converted to active-MPF before CCNB synthesis and that this slight increase of MPF activity triggers the new CCNB synthesis and subsequent meiotic resumption [32, 33] . According to this scenario, increase of CAK activity should not influence the amount of T161 phosphorylation of CDC2 and the period of meiotic resumption. However, in the present study, overexpression of CDK7 or CCNH accelerated T161 phosphorylation of CDC2, CCNB synthesis, and MPF activation in immature oocytes. Although the exact reason for this phenomenon is unknown, it was reported that T161 of monomeric CDC2 could be phosphorylated in Xenopus oocytes [34] . Therefore, it should be conceivable that monomeric CDC2 was phosphorylated by increased CAK activity regardless of CCNB synthesis and induced a slight MPF activation that triggered the subsequent events, including CCNB synthesis. Further study is required to clarify this point.
In conclusion, the present results suggest that the increases of MPF activity at both meiotic resumption and development to MII require T161 phosphorylation of CDC2 and that CDK7 and CCNH function as parts of CAK, which phosphorylates T161 of CDC2 during oocyte maturation. Further studies are required for elucidating the fluctuation of endogenous CDK7 and CCNH levels and CAK activity and for examining the   FIG. 7 . Effect of overexpression and expression inhibition of MNAT1 on the meiotic maturation of porcine oocytes. A) Efficiencies of Flag-tagged MNAT1 (MNAT1-Flag) mRNA and MNAT1 antisense RNA (asMNAT1) were confirmed as described in Figure 5 . B-G) Effect of MNAT1-Flag mRNA (B, C) or asMNAT1 (D-G) injection on the meiotic progression (B, D, F) and MPF subunits and MPF activity (C, E, G) of porcine oocytes. For a more detailed explanation, see Figure 5 legend.
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possibility of monomeric CDC2 phosphorylation in mammalian oocytes.
